We report the Hong-Ou-Mandel (HOM) interference, with visibility of 91%, produced from two independent single photons retrieved from collective atomic excitations in two separate cold-atom clouds with high optical depths of 90. The high visibility of the HOM dip is ascribed to the pure single photon in the Fock state that was generated from a dense-cold-atom cloud pumping by a short pulse. The visibility is always the same regardless of the time response of the single-photon detectors. This result experimentally shows that the single photons retrieved are in a separable temporal state with their idler photons.
The perfect destructive two-photon interference, first observed by Hong, Ou, and Mandel (HOM) with paired photons generated from spontaneous parametric down conversion (SPDC) in χð2Þ non-linear crystal media [1] , is one of the most well-known phenomena revealing the quantum nature of photons. HOM interference of independent single photons from separate sources is the basis of quantum swapping [2, 3] and hence realistic linear optical realization of quantum repeaters [4, 5] . To have complete destructive interference, each of the two independent photons must be in a pure single-photon Fock state, and they must be indistinguishable in every aspect, including polarization and spatial and spectral modes. Interfering with the single photons generated from the SPDC process in non-linear crystals has been experimentally demonstrated [6] [7] [8] . The single photons are constituted from the signal photons heralded by the correlated idler photons. In fact, two-photon interference from independent SPDC crystals is widely used in experimental demonstration of quantum swapping [9] , multiphoton entanglement, etc. [10] , because of the high generation rate of SPDC photon pairs.
However, SPDC schemes produce broadband photon pairs, typically with terahertz of linewidths and hence femtoseconds of coherence time. This implies a very strict synchronization between two independent SPDC processes, with which the temporal wave functions of two independent photons overlap in time at the beam splitter (BS). Passive spectral filtering can increase the coherence time, but waste a great amount of photons and thus seriously lower the generation rate. Active filtering through putting the SPDC crystal into a cavity is an efficient approach, but complicated cavity stabilization limits its further application [11, 12] . With laser cooling and trapping technology developing fast, cold-atom clouds have become a new non-linear media to generate photon pairs and herald single photons. A continuous spontaneous four-wave mixing (SFWM) process in a cold-atom cloud can produce non-classical paired photons with sub-natural linewidth, determined by the transmission window caused by electromagnetically induced transparency (EIT) [13] [14] [15] [16] [17] [18] . Especially with high optical depths, SFWM in an atomic ensemble can produce photon pairs with higher generation rates and longer temporal coherence [19, 20] . When the pump beams in the SFWM are in the continuous mode, the atomic ensembles are always emitting photons from spontaneous Raman emission process. The paired photons and the consequent single photons are emitted randomly, with equal probability along the time axis.
In contrast, delay four-wave mixing (FWM) is composed of a "write" and a "read" process. Firstly, a pulsed pumping beam excites the atom cloud and an idler photon with a collective atomic excitation (spin wave) is written into the atom cloud. With a controllable delay time, the atomic excitation is retrieved by another pump pulse into a signal photon. The write-read scheme restricts the emission time in discrete time slots and reduces the accidental counts efficiently. A controllable single photon can be retrieved from atomic storage, and two independent and synchronized single photons are observed to produce the HOM dip and a polarization entangled state [21, 22] . More importantly, the coherence time of the resulting paired photons is of the order of nanoseconds, and thus the time tolerance for synchronization is much greater than the SPDC scheme [23, 24] . Therefore, the write-read scheme in an atomic ensemble is a more accessible approach to producing indistinguishable single photons between independent sources. Different from continuous FWM, the paired photons generated in this write-read scheme do not have time-frequency entanglement [25] . The temporal function of the paired photons can be factorized as the product of temporal function of two individual photons [26] . Hence, the single photons heralded are in a separable temporal state with their trigger photons.
In this Letter, through interfering single photons from the write-read scheme, i.e., from retrieving an atomic excitation written from two independent dense cold atomic clouds, we demonstrate the purity and indistinguishability of the single photons. By utilizing a dense cold atomic ensemble with a high optical depth (OD ¼ 90), we maintain a high excitation rate in the write process. With the full width at half-maximum of a pump pulse as 100 ns and a maximum power of 100 μW, the excitation probability, which is defined as the generation probability of the idler photons in the first Raman process, is 2.3 × 10 −3 . After a strong read optical beam, an anti-Stokes photon is retrieved. Concerning the Stokes and anti-Stokes paired photons, the normalized second-order cross correlation reaches 571, violating the Cauchy-Schwartz inequality by a factor of 8.1 × 10 4 and indicating a strong nonclassical correlation. The purity and indistinguishability of the heralded single photons are tested via HOM interference between single photons from two separate and independent cold-atom clouds. The fitted visibility is as high as 91%, and the width of the HOM dip is about 99 ns, which agrees with the coherence time of the photon pairs. Finally, we report that the visibility of HOM interference is not dependent on the response time of the singlephoton detectors. This is experimental proof of the fact that the temporal state of the paired photons from the delay FWM process is separable. Figure 1 (a) shows the energy level scheme for the delay FWM process in each MOT, in which j1i
The write beam pumps the first spontaneous Raman transition, with frequency detuning Δω p ¼ 146 MHz and a center wavelength of 780 nm. The read beam is working on resonance with the transition j2i → j3i, with a center wavelength of 795 nm. The atoms are initially pumped to the hyperfine atomic level j1i, which is easily achieved by controlling the timing of the laser cooling process. Figure 1(b) shows the timing scheme of the experiment. In the first part of the cycle with 4.5 ms, we prepare the cold-atom cloud in a two-dimensional magneto-optical trap (MOT). The repump beam is turned off 0.3 ms earlier than the cooling beam to optically pump all the atoms onto j1i. The optical depths of both MOTs are about 90 [27] . After that, all the cooling and repump beams are turned off, and a 0.5 ms of photon pair generation window starts. In this window, the pump and read pulses sequentially repeat with multiple shoots N ¼ 700 to generate Stokes photons and retrieve anti-Stokes photons from collective atomic excitations. The timing schemes in both MOTs are the same, but with the time difference Δt between them tunable. In each MOT, the write (σ þ polarized) and read beams (σ − polarized) are applied onto the atom cloud, with an angle separation of 3°with respect to the longitudinal axis of the cloud, which is also the collection axis of the photon pairs. We use a pair of quarterwave plates and a polarization beam splitter (PBS) to collect the circularly polarized Stokes (σ þ ) and anti-Stokes (σ − ) fields. The photons are directed into two input ports of a 50/50 BS and collected again at two output ports with single-photon counting module SPCMs. Therefore, if both SPCM1 and SPCM2 click, each atom cloud is successfully written into atomic excitation. The retrieved single photons interfere, and they are collected by SPCM3 and SPCM4.
We apply a sequence of write and read pulses onto each MOT to generate Stokes and anti-Stokes paired photons, as shown in Fig. 1(b) . Every short pump and read pulse can be represented by a Gaussian function e −2t 2 ∕σ 2 , with σ ¼ 50 ns. The maximum Rabi frequencies of the write and read beams are 2π × 3.4 and 2π × 29.2 MHz, respectively. The weak and far-detuned write pulses excite the atom cloud and produce a Stokes photon along with an atomic excitation written into the atomic ensemble. The atomic excitation can be stored for about 1 μs, which is determined mainly by the decoherence caused by the residual magnetic field. To maximize the retrieval efficiency, we apply a strong read pulse of 60 ns (delay time τ d ) after the pump pulse. The read beam is on resonance, and therefore, the anti-Stokes photons are retrieved from the atomic excitation with the assistance of the EIT effect. Since the read beam creates a very strong coupling field at the transition j2i → j3i, the group delay of the 
HOM interferometer: single photons from MOT1 and MOT2 mix at a 50:50 BS. We use four SPCMs to detect the photons. (b) Timing control for write and read lasers in MOT1 and MOT2. For each MOT, the write and read lasers are separated by an identical delay time and the total experiment time consists of N write-read cycles. In our experiment, we use the Δt between the starting edge of the pump pulses of MOT1 and MOT2 to separate the temporal waveforms of the independent single photons.
anti-Stokes photons is minimized and does not influence the correlation function of the paired photons. The temporal coherence of the paired photons is determined by the width of the write pulse. The normalized coincidence rate of the paired photons is shown in Fig. 2(a) , resembling the Gaussian function of the write beam. With the parameters described above, the excitation probability of a Stokes photon from a pump pulse is P S ¼ 2.3 × 10 −3 . The retrieval efficiency of the anti-Stokes photons from collective atomic excitations is measured to be 7%. After considering 50% for the quantum efficiency of each SPCM, 80% for each Fabry-Perot filter, and 63% for the mode matching between the Stokes and anti-Stokes fields, we obtain a retrieval efficiency after loss correction as high as 70%.
To indicate the non-classical property of the generated paired photons and the single photon heralded, we calculate the second-order cross correlation for the paired photons. The normalized second-order cross-correlation function is 
in which Δτ is the time resolution of the coincidence measurement, and T is the measurement time. According to the coincidence results shown in Fig. 2(a) , g ð2Þ s;as can reach a maximum value of 571. Therefore, the Cauchy-Schwartz inequality [28] between the Stokes and anti-Stokes fields is violated by a factor of R ¼ 8.1 × 10 4 , much higher than the result obtained in the same excitation probability P S given in Ref. [26] . On the other hand, we measure the second-order autocorrelation function g Figure 2(b) shows the normalized fourfold coincidence counts with respect to the time delay δt between two Stokes photons from independent MOTs. Two different cases, Δt ¼ 0 and Δt ¼ −150 ns, are shown Fig. 2(b) . For Δt ¼ 0, when the time delay between the trigger photons is zero, two single photons coincide at the BS and will exit through a same output port due to their Bosonic nature. Therefore, the blue triangles in Fig. 2(b) show a dramatic reduced fourfold coincidence rate at δt ¼ 0, i.e., when the temporal waveforms of two independent single photons totally overlap. The visibility is obtained as V ¼ 1 − R min ∕R max ¼ 0.84, in which the maximum coincidence rateR max is obtained from averaging the rates of adjacent peaks, which shows the coincidence when no photon interference occurs. When two single photons do not coincide at the BS, i.e., Δt ¼ −150 ns, the two-photon interference does not occur. The dark empty squares in Fig. 2(b) indicate that the normalized coincidence rate is 1 at zero time delay. If we vary Δt, the fourfold coincidence counts at zero time delay change according to the overlap of the temporal correlation function of two single photons at the BS. Therefore, the HOM interference dip is obtained through varying the time difference Δt between the write-read sequences of two independent MOTs. Figure 3 shows the fourfold coincidence rates when summarizing the counts in the center peak in Fig. 2(b) , as a function of Δt. The vertical axis shows the normalized coincidence probability, which is 1 at the wings of the HOM interference curve. The dark dots with error bar indicate the experimental data, and the red solid line shows its Gaussian fit 1 − e −2t 2 ∕σ 2 f , with σ f ¼ 99 ns. This temporal width of the HOM interference curve agrees with the second-order correlation function of the photon pairs from each MOT in Fig. 2(a) . As we have pointed out, the width of the write pulse determines the temporal width of the correlation function, and hence it controls the width of the HOM dip. In our experiment, the misalignment of the write-read timing sequences of two MOTs can be ) when the joint amplitude can be factorized as Φðω s ; ω as Þ ¼ φðω s Þϕðω as Þ, the spectral state of the photon pair is separable [29] . The heralded anti-Stokes photon is hence pure in the time-frequency domain, regardless of the time response of the detectors that measure the arrival time of the triggering Stokes photons. Figure 4 shows the visibility V ¼ 1 − R min ∕R max of the HOM dip as a function of the time bin of the time delay axis δt in Fig. 2(b) . In this plot, we change the time bin from 10 to 200 ns, which is sufficiently larger than the coherence time of the photon pairs. The visibility maintains a consistent value, i.e., 0.85 AE 0.07, with different time bins. Despite the slowness of the single-photon detectors, photon pairs with factorable joint amplitudes produce pure heralded single photons. The fact that the paired photons emitted from the delay FWM are not time-frequency entangled can be explained as follows: the single photons are retrieved when we apply a strong read field onto the atom cloud, and therefore the generation time of the single photon is controllable.
In conclusion, we generate single photons retrieved from atomic excitation written into a cold-atom cloud via spontaneous Raman transition. In the write-read process, non-classical paired photons are emitted from the coldatom cloud. With high optical depth, the atomic ensembles produce Stokes photons with an excitation probability of 2.3 × 10 −3 , while the normalized second-order cross correlation of the photon pairs reaches 571. The heralded single photons are pure and indistinguishable, and we have observed an HOM dip with a visibility of 91% when interfering two independent single photons from separate cold-atom clouds. Also, we demonstrate that the visibility of the HOM dip is maintained even when the single photon detectors are ultra slow and not able to resolve the temporal correlation function. This is an experimental proof of the factorable joint amplitude for the nonclassical photon pairs. 
